By complementing appropriate gal lesions in Escherichia coli K802, we were able to isolate the galactokinase (gaLK) and galactose-1-phosphate uridyl transferase (gall) genes of Lactobacillus helveticus. Tn1O transposon mutagenesis, together with in vivo complementation analysis and in vitro enzyme activity measurements, allowed us to map these two genes. The DNA sequences of the genes and the flanking regions were determined. These revealed that the two genes are organized in the order galK-galT in an operonlike structure. In an in vitro transcription-translation assay, the galK and galf gene products were identified as 44-and 53-kDa proteins, respectively, data which corresponded well with the DNA sequencing data. The deduced amino acid sequence of the galK gene product showed significant homologies to other prokaryotic and eukaryotic galactokinase sequences, whereas galactose-1-phosphate uridyl transferase did not show any sequence similarities to other known proteins. This observation, together with a comparison of known gal operon structures, suggested that the L. helveticus operon developed independently to a translational expression unit having a different gene order than that in E. coli, Streptococcus lividans, or Saccharomyces cerevisiae. DNA sequencing of the flanking regions revealed an open reading frame downstream of the galKT operon. It was tentatively identified as galM (mutarotase) on the basis of the significant amino acid sequence homology with the corresponding Streptococcus thermophilus gene.
the L. helveticus operon developed independently to a translational expression unit having a different gene order than that in E. coli, Streptococcus lividans, or Saccharomyces cerevisiae. DNA sequencing of the flanking regions revealed an open reading frame downstream of the galKT operon. It was tentatively identified as galM (mutarotase) on the basis of the significant amino acid sequence homology with the corresponding Streptococcus thermophilus gene.
Lactobacillus helveticus and Lactobacillus delbrueckii subsp. bulgaricus are used together with Streptococcus thermophilus in the dairy industry as starter cultures for cheese, yogurt, and other dairy product fermentations. As a primary carbon and energy source, they utilize lactose, the only sugar present in milk, and ferment it to lactate. The uptake of lactose by these organisms occurs via a permeasetype system and is followed by a ,3-galactosidase-catalyzed cleavage of the sugar into its monosaccharide glucose and galactose moieties (18, 40) .
In L. delbrueckii subsp. bulgaricus and S. thermophilus, the glucose moiety is metabolized, while the galactose moiety is excreted stoichiometrically into the medium (18) . In fact, it has been observed that galactose efflux from these cells is coupled to uptake of lactose or methyl-p-D-thiogalactopyranoside from the external medium and that the transport system involved acts as a lactose-galactose antiporter (21, 39, 39a) . However, L. helveticus, which is related to L. delbrueckii subsp. bulgaricus and difficult to distinguish taxonomically from it (22, 38) , is able to ferment the glucose and galactose moieties of lactose and does not accumulate free galactose in the external medium (47) . It can utilize galactose as an energy source. Hickey et al. (18) observed that there is no lactose or galactose phosphotransferase system in L. helveticus and suggested that the galactose moiety of the lactose is metabolized via the Leloir rather than the tagatose 6-phosphate pathway. To substantiate this suggestion, we present here the isolation and characterization of the genes involved in galactose metabolism in L. helveticus.
The genetics of L. helveticus and L. delbrueckii subsp. bulgaricus are still very poorly developed (9) . Efficient helveticus type strain N2 was prepared as described by Delley et al. (12) and checked on a 0.7% agarose gel for quality and for estimation of the DNA concentration. The DNA was partially digested with Sau3A and size fractionated on an 0.8% low-melting-temperature agarose gel, and the 6-to 12-kb fraction was ligated into the BamHI-digested (unique site), dephosphorylated vector pACYC184. The ligation mixture was transformed into E. coli K802, plated onto M9 plates supplemented with methionine, proline, galactose, and chloramphenicol (30 ,ug/ml) , and grown at 37°C for 3 days. Colonies were pooled and grown in the appropriate minimal medium M9 to saturation, and plasmid DNA was extracted as described by Maniatis et al. (28) . E. coli K802 was transformed with the plasmid pool and plated onto identical minimal medium plates as described above. After growth at 37°C, single colonies were picked and purified by being restreaked on agar plates, and plasmid DNA was extracted and analyzed by restriction site mapping. Three such independently isolated clones were named pLHgall, pLHgal2, and pLHgal3. Plasmid constructions. The 7-kb internal BamHI fragment of plasmid pLHgall ( Fig. 1) V HIVE transformed into E. coli K802. The transformation mixture was plated onto minimal medium plates supplemented with methionine, proline, and galactose and incubated at 37°C for 2 days. Single colonies were isolated and purified on identical minimal medium plates as described above, and plasmid DNA was extracted and analyzed by restriction site mapping. Plasmids carrying the 7-kb BamHI fragment in either orientation were identified and named pNP1 and pNP2. A synthetic SalI-XmaI-ApaI adaptor was introduced at the unique SalI site of pNP1 and pNP2, located within the pACYC184 sequence, close to one end of the inserted BamHI fragment. The resulting clones were named pNP4 and pNP5, respectively. Both plasmids pNP4 and pNP5 were used for exonuclease III deletion mapping by first protecting the vector by cutting at the ApaI site and then starting the exonuclease digestion at the SalI site. Plasmids pNP7 and pNP8 are two representatives of the plasmids obtained (Fig. 1) . The 1.4-and 2.4-kb EcoRI fragments of pNP5 were cloned into the EcoRI site of pUC19, resulting in plasmids pNP16 and pNP17, respectively.
Transposon mutagenesis. Plasmids pLHgall, pLHgal3, and pNP5 were transformed into NK5019 and grown on tryptone plates supplemented with 30 ,ug of chloramphenicol per ml. Single colonies were picked and placed in Xym broth with chloramphenicol and grown at 37°C. We chose a kanamycin-resistant variant of TnJO as a transposable element, on a A phage as the delivery system, X1105 (48) . The cells were infected at a multiplicity of infection of 0.5 and incubated for 30 min at room temperature and 90 min at 37°C to allow for transposition and expression of the kanamycin gene. The cells were spread onto LB plates containing 50 
RESULTS
Cloning of the L. helveticus gal genes. By shotgun cloning of size-fractionated L. helveticus DNA, we were able to isolate several clones complementing the gal lesion in E. coli K802. Three independent clones, pLHgall, pLHgal2, and pLHgal3, were analyzed. To test further the complementation of gal lesions in other E. coli strains, we transformed the three clones into HB101 and, after passage through MM294 for appropriate DNA methylation, into N23-53 and MM152. All tested strains were able to grow after transformation on M9-galactose plates, indicating sufficient complementation of the galK and galTE. coli mutant genes by the corresponding L. helveticus genes carried on pLHgall, pLHgal2, and pLHgal3. The three clones were analyzed by restriction site mapping. The results indicated that we had isolated three fragments of between 8 and 10 kb. They all showed the same restriction pattern within the overlapping region of the cloned inserts. Southern blot analysis (44) confirmed the DNA homology of these clones (data not shown). Therefore, the three plasmids are independent clones of the same genome region of L. helveticus N2. For subcloning studies, we concentrated on pLHgall. The 7-kb BamHI fragment was subcloned into a pACYC184 derivative vector, resulting in plasmid pNP5 ( Fig. 1 ). Further deletion cloning with exonuclease III resulted in pNP7 and pNP8. These three plasmids were tested for complementation of the gal lesions in HB101, N23-53, and MM152 as described above. Plasmid pNP5 was able to complement these galK and galT lesions, whereas pNP7 and pNP8 could only complement the galT lesion. Thus, we could narrow down the galT-complementing factor of L. helveticus to a 2.3-kb stretch of DNA. To identify further the region carrying the galT-and galKcomplementing genes, we decided to use transposon mutagenesis.
Mapping of the gal-complementing genes by transposon mutagenesis. Plasmids pLHgall and pLHgal3 were subjected to TnJO transposon mutagenesis as described in Materials and Methods. Total plasmid DNA from such transposition experiments was transformed into HB101 and screened for TnlO-carrying plasmids by growth of the transformed cells on LB-kanamycin plates. Single colonies were picked and screened on galactose plates for loss of their ability to complement the galK lesion of HB101. Seventeen such colonies were isolated, and their plasmid DNAs were analyzed by restriction site mapping and compared. We found that in all cases, a TnWO element was inserted within the same small region of about 1 kb on pLHgall or pLHgal3. The integration sites of four representative isolates, A34, A37, A41, and A42, are shown in Fig. 1A . The integration sites of a few characterized isolates with no loss of their ability to complement the HB101 galK lesion are also shown. They are all clearly located outside the small region of the above-described isolates. We therefore localized the L. helveticus galK-complementing gene to a defined small stretch of the clones.
The same transposition experiment as that described above was repeated with pNP5 as a recipient plasmid. Plasmids carrying TnJO were analyzed for loss of the galKor gaIT-complementing capability with HB101, N23-53, or MM152 as a host. Several plasmids were isolated, and their TnlO insertion sites were mapped. The results are summarized in Fig. 1B . All characterized TnJO insertion sites affecting the galK-complementing factor were located within the same small DNA region as that observed with pLHgall and pLHgal3. Transposon insertions affecting galT complementation were also localized to a defined small region of about 1 kb situated next to the galK-complementing region.
Thus, we have identified two regions within pNP5, one responsible for galK complementation and the other responsible for galT complementation. These results are consistent with the observed complementation characteristics of the deletion subclones pNP7 and pNP8.
Nucleotide sequence analysis of the L. helveticus gal region. The DNA sequence of the galK-and gaiT-complementing regions of pNP5 was determined and is shown in Fig. 2 . Computer analysis revealed the presence of two open reading frames (ORF) spanning 1,167 and 1,467 bp, respectively. They are both oriented in the same direction and use the same reading frame. They are only separated by 21 bp, suggesting an operonlike structure. Proposed translational start and stop codons and putative ribosome binding sites are indicated in Fig. 2 . In addition, E. coli-like promoter sequences in which the promoter sequence of the second ORF overlapped the 3' end of the first ORF were found upstream of each ORF. Several sites of insertion of TnJO elements affecting the galK or galT complementation competence of pNP5 were determined by sequencing across the integration junctions. For isolate A3, the integration junctions at both ends of the element were determined and confirmed the formation of a 9-bp target duplication of TnJO (23) . For all other isolates, only one side of the integration site was determined. A comparison of the integration sites with the results of complementation study showed that all the TnJO insertions affecting galK function were located within the first ORF; galT function-affecting TnJO insertions were located within the second ORF. We therefore denote the first ORF as being the L. helveticus galK gene and the second ORF as being the L. helveticus galT gene.
The galK and galT genes were translated into amino acid sequences and compared by dot plot analysis with the corresponding E. coli genes (11, 26) . The results are shown in Fig. 3 . The two galK genes are of similar size and show clusters of significant homology distributed throughout their entirety. This homology confirms the related functions of the two genes and the position of the proposed start codon. There is no apparent amino acid sequence homology between the two galT genes. The L. heiveticus gene is more than 100 amino acids longer than the E. coli gene. However, the TnlO insertion in isolate Al, which is close to the proposed beginning of the gene, and the presence of a ribosome binding site may confirm the position of the proposed start codon for this gene.
DNA sequence analysis of the regions flanking the galK and galT genes revealed a third ORF, reading in the same direction as the two identified genes (Fig. 2) . Furthermore, computer analysis of codon preference, based on the L. helveticus codon usage of the galK and galT genes, identified this ORF as a potential protein coding sequence (4). This ORF starts 100 bp downstream of the end of the galT gene and reads beyond the pNP5 clone. It is preceded by an E. coli-like promoter sequence and putative ribosome binding site. The DNA sequence of this ORF was determined only partly. The resulting amino acid sequence was compared with those of known proteins of the galactose pathway from other organisms and showed significant homology to the amino-terminal part of the sequence of the galM (mutarotase) gene of S. thermophilus (41) . An alignment of these sequences is shown in Fig. 4 . The amino acid sequence identity is 31% (35) . We assume that both proteins have an analogous or identical function and, therefore, refer to this third ORF as the L. helveticus galM gene.
Transcription and translation of the gal genes. We introduced plasmid pNP5 and its TnJO-carrying derivatives into an E. coli cell-free transcription-translation system and separated the resulting proteins on an SDS-polyacrylamide gel (24 Determination of galactokinase and galactose-l-phosphate uridyl transferase activities. The enzymatic activities of galactokinase and galactose-l-phosphate uridyl transferase in crude cellular extracts of Lactobacillus and E. coli strains were determined. The results are shown in Table 2 . L. helveticus N2 showed a galactokinase specific activity similar to that of E. coli JM105, whereas the galactose-lphosphate uridyl transferase specific activity was increased. For L. delbrueckii subsp. bulgaricus (N123), a close relative to L. helveticus, no such specific activities were detectable, indicating that these genes either are missing or are not expressed.
We determined the galactokinase and galactose-l-phosphate uridyl transferase activities encoded by plasmids pLHgall, pNP5, and their derivatives carrying TnWO insertions.
As a host, we used E. coli PL225, which has its own gal operon deleted. The results can be summarized as follows (Table 2) . Clones pLHgall and pNP5 code for both enzyme functions. The initial activity for each enzyme was similar in 
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GTTil CGTTGTGATGACATTrGATACACAAATGTTGAAAAAGoATGAAGmAC 
CTTGGCAAAGA1T1TATCT TCTACTBACTB .rAAG (Fig. 2) . They are likely to be organized as an operon and transcribed by a common promoter, located upstream of the galK gene. This organization may explain the observed polar effect, i.e., the decrease in galactose-l-phosphate uridyl transferase activity upon TnJO insertion into the galK gene (Table 2) . However, an E. coli-like promoter sequence can also be found in front of the galT gene, overlapping the end sequence of the galK gene. This would explain the weak residual activity of galactose-1-phosphate uridyl transferase in the above-mentioned transposon mutants as well as the reduced galT protein level in these mutants observed in the in vitro transcription-translation assay (Fig. 5) . Nevertheless, the level of galT expression was sufficient to complement the appropriate E. coli galT mutant strains. As complementation and promoter studies cannot yet be undertaken with L. helveticus as a host system, the mode of expression in this organism remains unsolved.
Many organisms have the genes constituting the Leloir pathway for galactose metabolism, the galK, galT, and galE genes (the last coding for the uridine diphosphogalactose 4-epimerase), clustered or organized as one operon (1, 2, 50) . L. helveticus, however, shows a clustering of only the galK and galT genes, which are followed downstream by a putative galM gene. The DNA sequence of the upstream flanking region, determined for about 1 kb more than presented in Fig. 2 , did not show any long ORF. Therefore, the galE gene was not found immediately next to the galK and galT genes. Furthermore, plasmid pNP5 did not complement the appropriate E. coli galE mutant strains (data not shown). A similar situation was found in Erwinia stewartii, in which the galE gene is also not directly linked to the galK and galT cluster (15) . It was shown that it was linked to genes for the synthesis of capsular polysaccharide (cps), in which it plays an important biosynthetic role, and that it was expressed constitutively. The galKT operon was inducible by galactose. A similar observation was also made for Vibrio cholerae (19 Fig. 3 , the L. helveticus and E. coli galactokinases show significant homology (35% amino acid identity) throughout their entire amino acid sequences. We also included the reported amino acid sequences of the galK proteins from S. lividans (1), K. lactis (51) , and Saccharomyces cerevisiae (10) in the comparative study. A computer-generated alignment of all these sequences is shown in Fig. 6 . The three different galactoki- nases of prokaryotic origin, L. helveticus, E. coli, and S. lividans, are all of similar sizes. Their amino acid sequence alignment did not produce many gaps and showed five regions of significant homology. The comparison with the sequences for S. cerevisiae and part of K. lactis, however, showed that the S. cerevisiae galactokinase is significantly longer than those of prokaryotic origin, as manifested by numerous gaps in the sequence alignment. Nevertheless, the five homologous regions are conserved and are, with two exceptions, similar to the homologous regions of S. cerevisiae and E. coli, as reported by Citron and Donelson (10) . We assume that these five regions are important for enzyme function and substrate binding. In particular, the conserved region at L. helveticus protein positions 331 to 350 contains a sequence motif found within the ATP binding sites of numerous protein kinases (11) .
As shown in Fig. 3 , there was significantly less homology between the L. helveticus and E. coli galactose-1-phosphate uridyl transferase sequences (21% amino acid identity). However, the in vitro enzyme assays, together with the E. coli in vivo complementation results, still suggest that we have identified a galactose-1-phosphate uridyl transferase. We further analyzed the galT amino acid sequence by dot plot analysis and compared it with the corresponding sequences of S. lividans (1), S. cerevisiae (45) , K. lactis (51) , and humans (42) . No significant homologies were found. The amino acid identities were 18% with S. lividans, 18% with S. cerevisiae, 21% with K. lactis, and 15% with humans. A general homology search through the entire National Biomedical Research Foundation protein data bank did not reveal homology to any other known protein either. It is interesting to note that the eukaryotic galT sequence showed quite good homology to the corresponding E. coli protein (51% amino acid identity between S. cerevisiae and E. coli), whereas that of the gram-positive bacterium S. lividans showed weaker homology to the other proteins (33% amino acid identity with E. coli and 23% amino acid identity with S. cerevisiae). We can only speculate about the origin of the L. helveticus galT gene. Possibly it evolved from an ancestor in common with that of the E. coli galT gene but developed independently from very early on in the evolution. The observation that the same gene from another gram-positive bacterium, S. lividans, also differs significantly supports this hypothesis. However, the possibility that the L. helveticus galT gene coevolved from a different origin to the same enzymatic function cannot be excluded. 
